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A STUDY OF EFFECTS OF VISCOSITY ON FLOW OVER 
SLENDER INCLINED BODIES OF REVOLUTION’ 


By H. Julian Allen and Edward W. Perkins 


SUMMARY 

t 

Tltf observed fiow field about slender inclined bodies of 
revolution is coirqyared with the calculated characteristics based 
upon potential theory. The comparison is instructive in 
indicating the 'manner in which the efiects of viscosity are 
manijest. 

Based on this and other st'udies, a method is developed to 
allow jor viscous effects on the force and moment characteristics 
of bodies. The calculated force and moment characteristics oj 
two bodies of high fineness ratio are shown to be in good agree- 
ment , for most engineering purposes^ with experiment. 

INTRODUCTION 

The problem of the longitudinal distribution of cross force 
on inclined bodies of revolution in inviscid, incompressible 
flow, which was primarily of interest to airship designers in 
the past, was treated simply and effectively by Max Munk 
(reference 1). Munk showed that the cross force per unit 
length on any body of revolution having high fineness ratio 
can be obtained by considering the flow in planes perpendicu- 
lar to the axis of revolution to be approximately two-dimen- 
sional. By treating the problem in this manner, Munk 
showed that 

/=2o^sin2a (1) 

where 

/ cross force per unit length 
go stream dynamic pressure 

dSjdx rate of change in body cross-sectional area with 
longitudinal distance along the body 
a angle of inclination 

Tsien (reference 2) investigated the cross force on slender 
bodies of revolution at moderate supersonic speeds — a prob- 
lem of more interest at the present to missile and supersonic 
aircraft designers — and showed that, to the order of the 
first power of the angle of inclination, the reduced Munk 
formula 


was still applicable. This is not surprising when it is realized 
that the cross component of the flow field corresponds to a 
cross velocity 

Vy^= Vo sin a 

J Supersedes NACA TN 2044, “Pressure Distribution and Some Effects of Viscosity on 
Slender Inclined Bodies of Revolution” by H. Julian Allen, 1950. 


where T’o is the steam velocit}’. Thus the cross component 
of velocity, and hence, the cross Mach number will, for 
small angles of inclination, have a small subsonic value so 
that the cross flow will be essentially incompressible in 
character. 

Using equation (1) for the cross-force distribution, then, 
the total forces and moments experienced by a body in an 
inviscid fluid stream can be calculated. Comparison of the 
calculated and experimental characteristics of bodies has 
shown that the lift experienced exceeds the calculated lift 
in absolute value by an amount which is greater the greater 
the angle of attack; the center of pressure is farther aft than 
the calculations indicate, the discrepancy increasing with 
angle of attack; while the absolute magnitude of the moment 
about the center of volume is less than that calculated. It 
has long been known that these observed discrepancies are 
due primarily to the failure to consider the effects of viscosity 
in the flow. 

Experience has demonstrated, notably in the development 
of airfoils, that the behavior of the boundary layer on a 
body is intimately associated with the nature of the pressure 
distribution that would exist on the body in inviscid flow\ 
In particular, boundary-layer separation is associated Avith 
the gradient of pressure recovery on a body. Tlie severitj^ 
of the effect of such separation can be correlated, in part, 
with the magnitude of the total required pressure recoveiy 
indicated by inviscid theory. It is therefore to be expected 
that it will be of value to compare the actual pressure dis- 
tribution on inclined bodies of revolution with that calculated 
on the assumption that the fluid is inviscid. For the purpose 
of this study, a simple method is developed for determining, 
for an inviscid fluid, the incremental pressure distribution 
resulting from inclined flow on a slender body of revolution.^ 
The experimental incremental pressure distributions about 
an airship hull are compared with the corresponding dis- 
tributions calculated by this method. The comparisons are 
instructive in indicating the manner in wdiich the viscosity 
of the fluid influences the flow. In the light of this and other 
studies, a method for allowing for viscous effects on the force 
and moment characteristics of slender bodies is developed 
and the results compared with experiment. 

2 The problem of determining the pressure distribution on inclined bodies has been treated 
by other authors, but for several reasons these methods are not satisfactory for the present 
purposes. For example, Kaplan (reference 3) treated, in a thorough manner, the flow about 
slender inclined bodies, but the solution, which is expressed in Legendre polynomials, is 
unfortunately tedious to evaluate. On the other hand, Laitone (reference 4), by linearizing 
the equations of motion, obtained a solution for the pressure distribution on slender inclined 
bodies of revolution, but, as will be seen later, the solution is inadequate in the general case 
due to the linearization. 
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SYMBOLS 

reference area for body force and pitching- 
moment coefficient evaluation 

plan-form area (^2 Pdx^ 

circular-cylinder section drag coefficient based 
on cylinder diameter 

local cross-flow drag coefficient at any x station 
based on body diameter 
constant of integration 

^Pdx 

cross-flow drag coefficient 


HI 

f f 


bodv foredrag coefficient 

\ qo A / 

body foredrag coefficient at zero angle of 
inclination 

incremental foredrag coefficient due to 
inclination 


body lift coefficient 
tch 

e 


mean bodv diameter 


body pitching-moment coefficient about station 
/ pitching moment\ 
qoAX J 

■m 

local cross force (normal to body axis) at any 
station x on body 
body length 

free-stream Mach number 

cross-flow Mach number (Mo sin a) 

local surface pressure 

free-stream static pressure 

local surface pressure at zero angle of inclination 

local surface-pressure coefficient ( — — ^ ) 

\ qo / 

local surface-pressure coefficient at zero angle of 
inclination 

incremental surface -pressure coefficient due to 

angle of inclination 

free-stream dynamic pressure 
bodi^ volume 

polar radius about axis of revolution 
local body radius at an\^ station x 
free-stream Reynolds number based on maxi- 
mum body diameter 
cross-flow Reynolds number (Pq sin a) 
cross-flow Revnolds number based on diameter 
D' 

body cross-sectional area at station x 


S, 

t 

Vo 

V. 



X 


X„, 


X'a - 90 ® 


.Y 

y 

z 

a 

V 

d 


P 


body base area (at x=L) 
time 

free-stream velocity 

local axial velocity at body surface at any 
station x 


axial component of the stream velocity (FqCOs a) 
cross-flow component of the stream velocity 
(V"o sin a) 

axial distance from bow of body to any body 
station 


axial distance from bow of body to pitching- 
moment center 

axial distance from bow of body to center of 
viscous cross force ^ 

reference length for moment coefficient 
evaluation 

ordinate in plane of inclination normal to axis of 
revolution 

ordinate normal to plane of inclination and to 
axis of revolution 


angle of body-axis inclination relative to free- 
stream-flow direction 

-1 (^P 

tan ‘ -V— 
dx 

fluid kinematic viscosity 

polar angle about axis of revolution measured 
from approach direction of the cross-flow 
velocity 

fluid mass density 

velocity potential 


PRESSURE DISTRIBUTION ON SLENDER INCLINED BODIES 
OF REVOLUTION 


POTENTIAL FLOW THEORY 

Consider the flow over the body of revolution shown in 
figure 1 which is inclined at an angle a to the stream of 
velocity T q. If the body is slender, tke axial component 
velocity \ ^ at the bod}" surface will not differ appreciably 
from the axial component of the stream velocity. With 
this condition, it is clear that the cross flow may be treated 



Figure i. — Body of revoJiition in ineJined flow* fieJd. 
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appruxmiaiely by considering it to be two-dimensional in a 
plane which is parallel to the yz plane and is moving axially 
with the constant velocity In other words, the problem 
may be treated by det-ermining the two-dimensional flow 
about a circular cylinder which is first gi-owing (over the fore- 
body) and then collapsing (over the afterbod}') with time. 

The velocity potential for the cross flow at any x station is 
given in polar coordinates as 

4>= — ( '■+ y ) cos e (3) 


which in this moving reference plane is a function of lime. 

Bernoulli’s equation for an incompressible flow whicli 
changes with time is 


p bt 


mi 


+ 




(4) 


Now from equation (3) 


but 


^<t> _oTT dR 

df 


cos 6 


di 


dt dx 


= \\ tan /S 


so that equation (5) becomes 


dt 


= — ^V 

^ * Ur 


Ty tan (3 



cos 6 


(o) 

( 6 ) 


(7) 


Also, by difi’erentiation of equation (3), 
|^=-Tycose(l-^') 


(8) 


so that equation (4) for the pi*essure at any point in the flow 
field becomes 


f-2 1'n ««" 0 (7) <»= • [‘ -(7O7 


+ 


For 


so 


r-^ GO ,/)— 

C=—+ 

p 2 


(9) 


and hence equituuii ) i'oi- the pressure at the surface of the 
body becomes for r-~Tt 

^^^=2 tan cos 6+2^ (1-4 sin' 6) (10) 

and VTiting 

b\„=Fo sin a 

Fx^,= FoCOSa j 

the surface ])ressur(' in coefficient foi-m ))ecomes 

P =- — ^- = 2 tan /3 cos 6 sin 2a-4-(l— 4 sin‘ 6) sin^ a (11) 

Qo 

For bodies of moderate fineness ratio at zero angle of 
inclination, the surface pressure at any station, designated 
Pa-o, will differ slightly from the static pressure po but, if ; 
the fineness ratio is not too low, the pressure, Pa-o, in any 
yz plane will be approximately constant for several body 
radii from the surface. Under the assumption that the 
pressure at the surface at zero inclination applies uniformly 
in the portion of the yz plane for which the major effects of j 
the cross-flow distribution are felt, the change in pressure 
from Po to Pa-o ^dll be additive to, but will not otherwise 
influence, the cross-flow pressure distribution. Hence for 
any station on a body of high fineness ratio for which at 
zero inclination the pressure is pe-o, the pressure coefficient 
distribution at this same station under inclined flow con- 
ditions will be, from equation (11), 

7^=Pa.o+(2 tan /3 cos 6) sin 2a+(l— 4 sin^ 6) sin- a (12) 

For very slender bodies at small angles of inclination 
tan 

sin 2a^2a 
sin^a^a^ 

so that equation (12) becomes^ 

P=Pa«o+(4 cos S) /Sa-h(l— 4 sin- 6) o? (13) 

The cross force per unit length of the body is then found as 

y= j' pR cos 6 dd=2g^oJ PR cos 6 dS + 2 ^ p^R cos 6 dd 

3 Equation (13), for the case* in which fi is constant, n'duces to that derived by Busemann 
(reference 5) for the flow over an inclined cone. Laitone’s linearized solution (reference 4) 
for the pressure distribution over bodies at supersonic speeds agrees with equation (13) excepi 
that the a- term, of course, is absent. This linearized solution is inadequate in general sina*. 
for the cases of usual interest, the values of a are of the same order of magnitude as thus 
the a- term is as important as the a term. 
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and clearly 

2 J poR cos ddd=0 
Substituting P from equation (12) gives 

/= 2 i? 2 oi^a.o|'Jcos ddd + 4Rqa tan |3 sin 2a j: cos“ ddd+ 


2Rqo sin- 


aj (1 —4 si 


sin" d) cos ddO 


The first and third integrals are zero, while the second 
integral yields 

f=2TrRqo tan sin 2a 

and since 

dR dS 


then 




J=^, — sm2a 


which is equation (1) derived by Munk for the cross force 
on slender airship hulls and, in the form. 


. 0 dS 


that derived by Tsien for the cross force, to the order of the 
first power of the angle of inclination, for slender bodies at 
moderate supersonic speeds. This development shows that 
these equations for the cross force are also correct to the 
second power of a for inviscid flow. 


alley, particularly at values of 6 near 180°, is evident which 
increases with increasing distance from the bow. Down- 
stream of the maximum diameter section (figs. 2(c) and 2(d)) 
the discrepancy increases very rapidly. 

The disagreement that exists at the afterbody stations 
results from effects of viscosity not considered in the theory, 
as will be seen from the following: R. T. Jones, in reference 
8, showed that, for laminar flow on an infinitely long yawed 
cvlinder of arbitrary cross section, the behavior of the com- 
ponent flow of a viscous fluid in planes normal to the cylinder 
axis was independent of the component flow parallel to the 
axis.^ For an inclined circular cylinder, then, viewed along 
the cylinder axis the viscous flow about the cylinder would 
appear identical to the flow about a circular cylinder section 
in a stream moving at the velocity Vo sin a. Hence separa- 
tion of the flow would occur in the yz plane as a result of 
the adverse pressure gradients that exist across the cylinder . 
Jones demonstrated that this behavior explained the cross 
forces on inclined right circular cylinders that were experi- 
mentally observed in reference 10. That such separation 
effects also occur on the inclined hull model of the ‘‘Akron’ 
is also evident from the pressure distributions in figures 
2(c) and 2(d). 

Wfiile the treatment of reference 8 explains qualitatively 
the observed behavior of the flow field about the hull model 
considered, it cannot be used quantitatively for a low fine- 
ness ratio body such as the “Akron” for at least two reasons. 

First, the influence of the term 

2 tan jS cos d sin 2a 

of equation (12) is to distort the typical circular-cylinder 
pressure distribution, given by the term 


COMPARISONS WITH EXPERIMENT AND DISCUSSION OF THE 
EFFECTS OF VISCOSITY 

In reference 6, a thorough investigation at low speeds 
was made of the pressure distribution over a hull model of 
the rigid airship “Akron.” Incremental pressui-e distri- 
butions due to inclination calculated by equation (12) for 
four stations along the hull at three angles of attack are 
compared with the experimental values in figures 2(a) to 
2(d). In each of the figures is shown a sketch of the airship 
which indicates the station at which the incremental pres- 
sure distributions apply. This comparison represents a 
severe test of the theoretical method of this report since the 
method was developed on the assumption that the fineness 
ratio of the body is very large, while for the case considered 
the fineness ratio is only 5.9. 

At the more forward stations (figs. 2(a) and 2(b)), tiie 
agreement is seen to be essentially good * but some discrep- 

* At stations extremely close to the bow the method must be inaccurate as evident from the 
work of Upson an<i Klikoff (reference 7). 


(1 — 4 sin" d) sill" a 

so as to move the calculated position of minimum pressure 
away from the 6 = 90° point and to change the magnitude of 
the pressure to be recovered on the lee side of the body. Over 
the forward stations of the body, where tan d is positive, the 
position of minimum pressure lies between 90° and 180° and 
the theoretical pressure recovery is small and even zero at the 
most forward stations. For the rearward station where tan d 
is negative, the minimum pressure lies between 0° and 90°. 
and the theoretical pressure recovery is large and increases 
proceeding toward the stern. For the liull of the “Akron" 
i model, the theoretical line of minimnni i)ic.s.siire along the 
' hull is shown in figure 3 for the angles ot attack of 0°, 12°, 
and 1S°.® Since separation can only occur in an ailvcrsc 

* The recent work of A. P. Vounn and T. B. Booth 'rehTcilce m indicated iliat rhi' :ua> 
true for the turbulent (low case as well. 

« It is of interest to note in this fimirc that even for small antjles of inclinatimi fh^ line of 
minimum pressure becomes oriented close to the direction of the axis of revolution. v, h’.le at 
zero inclination it must, of course, be normal to this axis. 


!] i:i FECTS oy visf'osny <»x floav over slender inclined bodies of revolution 






(c) xlL^QJO'i', 

(d) J/L-0.8G7. 


Figure 2 —Calculated and experimental pressure distribution on a model hull of the U. S. S. Akron. 
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Angle of affacf< 
a 
6 ^ 

18 ° 



Figure 3.— Calculated lines of minimum pressures for a model hull of U. S. S. Akron at three 

angles of attack . 

irradient, it is clear that the line of separation will roughly 
parallel the line of miiiinuim pressures. Hence, the flow about 
forward stations will be, or will more nearly be, that cal- 
culated for a nonviscous fluid. Over the reai*ward stations 
the flow separation should tend to be even more pronounced 
than would occur on a right circular cylinder. That such is 
the case is shown by the flow studies on the ellipsoid of revolu- 
tion of reference 11. In those studies, the flow on the model 
surface was investigated by lampblack and kerosene traces. 
The traces showed the line of separation followed the trend 
indicated above. From the foregoing, it is evident that the 
potential flow solution for the pressures on inclined bodies 
can only be expected to hold over the forebody, and that over 
the afterbody the pressure distribution, particularly on the 
lee side, will be importantly influenced b\’ the fluid viscosity. 

Second, it is evident that there exists a certain analogy 
between the cross flow at various stations along the body and 
the development with time of the flow about a cylinder start- 
ing from rest. This may be seen by considering the develop- 
ment of the cross flow with respect to a coordinate system 
that is in a plane perpendicular to the axis of the inclined 
body. Let the plane move downstream with a velocity Vo 
and let the coordinate system move within the plane such 
that the axis of revolution of the body is alvrays coincident 
with the X axis of the coordinate system. The cross velocity 
is then Vo sin a. At any instant during the travel of the plane 
from the nose to the base of the body, the trace of the body in 
the plane will be a circle and the cross-flow pattern within the 
plane may be compared with the flow pattern about a circular 
cylinder. Neglecting, for the moment, the effect of the taper 
over the nose portions of the body, it might i)e anticipated 
that over successive downstream sections, the development 
of the cross flow with distance along the body as seen in this 
moving plane would appear similar to that which would be 
observed with the passage of time for a circular cylinder 
impulsively set in motion from rest with tlie vclo<-ity 1 o >in a. 
Thus the flow in the cross plane for tlie more forward sections 
should contain a pair of symmetrically disposed voi-tices on 
the lee side (cf. reference 12). These vortices should increase 
in strength as the plane moves rearward and eventually, if the 
bodv is long enough, should discharge to form a Karnian 
vortex street as viewed in the moving cross plane. Viewed in 


this moving plane the vortices would appear to be shed and 
slip rearward in the wake, but viewed with respect to the 
stationary body the shed vortices would appear fixed. This 
process of the growth and eventual discharge of the lee-side 
vortices should occur over a shorter length of body the higher 
the angle of attack since the movement of the cylindrical 
trace in the cross plane at any given station is greater the 
greater the angle of attack. For a low fineness ratio body, 
however, the development of the lee-side vortices would be 
e.xpected to have progressed no farther than the “symmetrical 
pair'’ case even at the highest angles of attack of interest. 
This is corroborated by the flow surveys of Harrington 
(reference 11). 

For bodies of high fineness ratio, such as those used for 
supersonic missiles, it was clearly of interest to determine 
experimentally the nature of the anticipated growth and 
discharge of lee-side vortices. In the course of an investiga- 
tion of a series of bodies%vith ogival noses and cylindrical 
afterbodies conducted in the Ames Laboratory 1- by 3-foot 
supersonic wind tunnels, it was determined that the growth 
and discharge of lee-side vortices did occur for such bodies 
at angle of attack as was evidenced in two ways. The 
schlieren picture for one of the bodies (fig. 4 (a)) showed a line 
on the lee side at the more forward stations which drifted 
away from the body surface and eventually branched into a 
series of lines trailing in the stream direction. The “line" at 
the more forward stations was indicated to be the cores of the 
symmetrical vortex pair, which in this side view would appear 
coincident. The branches were indicated to be the cores of 
the alternately shed vortices. In order to make the vortices 
visible in a more convincing manner, use was made of a 
technique which we have termed the “vapor screen" method. 
With this technique, the cross flow is made visible in the 
following manner (see fig. 5) : A small amount of water 
vapor, which condenses in the wind-tunnel test section to 
produce a fine fog, is introduced into the tunnel air stream. 
A narrow plane of bright light, produced by a high-pressure 
mercury-v^apor lamp, is made to shine through the glass 
window in a plane essentially perpendicular to the axis of the 
tunnel. In the absence of the model this plane appears as a 
uniformly lighted screen of fog particles. ^Ylien the model is 
put in place at any arbitrary angle of attack, the restdt ot any 
(li.sturl)ances in the flow produced l)y the model which 
affects the amount of light scattered by the water particles 
in this lighted plane can be seen and photographed. 

In figures 4 (b) and 4 (c) are sliown photographs of tin' 
vapor screens corresponding to the indicated stations for- 
th.* ixxlv of liiTiu-e 4 (a). Th(‘ photographs are three-(iuai-t«*j 
flout views iVuni a vantage point similar to that of the skiU. h 
nf figiij*e 5. in these photographs vortices made themselvi's 
evident as black dots on the vapor screens due to the absiuice 
of scattered light, which is believed to result from the action 
of the vortices in spinning the fine droplets of fog out of the 
fast turning vortex cores. Other details ot the flow, partieu- 
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(a) Side view schlieren photograph: 

(b) Vapor-screen photograph rearward station; 

(c) Vapor-screen photograph forward station. 

Figure 4.— Schlieren and vapor-screen photographs showing vortex configuration for an inclined 
body of revolution (0^2.*)®) at supersonic speed (Afs2). 


larly shock waves, are evident as a change in light intensity. 
Figure 4 (c) shows the symmetrical vortex pair to exist as 
previoiish" indicated at the more forward stations, while 
figure 4 (b) demonstrates that the vortices are shed at 
stations far removed from the bow. Other observations at 
different angles of attack demonstrated that the shedding of 
vortices began, as indicated previously, at the more forward 
stations the higher the angle of attack. It is of interest to 
point out that in these wind-tunnel tests the order of dis- 
charge of the vortices was aperiodically reversed. Thus, in 
any cross-flow plane, the discharged vortex closest to the 
body would at one instant be on one side of the body and at 
the next instant, or perhaps several seconds later, on the 
other. No regularity in this change in the distribution of the 
vortex street has been found. 


METHOD FOR ESTIMATING FORCE AND MOMENT CHAR- 
ACTERISTICS OF SLENDER INCLINED BODIES IN VISCOUS 
FLOW 

For bodies of high fineness ratio at high angles of attack 
when the cross force is important, it is clear that the third 
term of equation (13) must predominate since P is small, so 
that the pressure distribution increment due to angle of 
attack will closely approximate the pressure distribution for 
a circular-cylinder section at a velocity equal to the cross 
component of velocity for the body. Moreover, except for 
the sections near the bow, development of the cross-flow 
boundary layer will have been sufficient to promote the flow 
that is characteristic of the steady-state flow for a circular- 
cylinder section at the Mach and Refolds numbers corre- 
I spending to the cross velocity over the body. 
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Vortices 


Fir.T-RE 5— Schematic diagram of vapor-screen apparatus showing vortices from a lifting body of revolution. 


Shadow 


I^or the limiting case of a slender body, the appropriate i 
value of the cross-wise drag coefficient is, of course, the value | 
of the drag for an infinite cylinder. As will be .sliown lat(T. 
experiments indicate that for actual bodi(‘s of finite' It'Ugtii i 
a somewhat smaller value should be list'd. Siina* ih(‘ a^'inal 
cross-wise drag coefficient of a body of finito lerngth is always • 
somewhat less than llu' coe'lFK'ieiit for an inHnit<‘ ihi- 

reduced value suggt'sts itself. Thus it mighi !>«• (‘.xpi'riru 
that the viscous cross-forf*e distribution on <iie|i a l)nd\- could 
h«* calculat'd on llu‘ assumption that ca»-h • 
along the body experiences a cross force c(ju;)i to ri., ^ 
force' the section would ('xpe'rience with ihc axi- 
normal to a stream moving at the velociix T,, -In o. Tin- 
viscous contribution is giv-'u by 


coefficient at x for a =90° correspond, ing to the Reynolds 
number 

Rc=Rq sin a 

and the Mach number 

A/c=A/o sin a 

a first approximation to the total cross force we may 
;i(id tlu' potential cross force to the viscous contribution. 
Till* total cros.- force at x would then be " 

'/.s . a 

J ~r~ o + (/o ^in- a 

(( X — a — UO 

With this simple^ allowance for viscous effects the lift 
ceictliehcnt,^ the foredrag coefficient, and the pitching-moment 


% sin- « d.r 

wheV'.' R is the body radius at x and c,,, i- rlic f 


■ From till' work of Ward ('reference 13). it may be shown that the potential cross force is 
•lirecriMl midway bt'tween the normal to the a.vis of revolution and the normal to the wind 
direction. 

In the e.\im*ssion for Cl the contribution of the a.xial drag force — cos- a sin a 

is incon.s'iiuentially sm-all and has been ignored. 
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coefficient about an arbitrary moment center Xm from the 
nose are given by 


a=- 




' sin 2a cos ~ siir 


Cd,= Cdp _ cos’ a+^ sin 2a sin ^+Ci..«,o ^ sin’ a 


4h_:_ 
A 


Cn=\ — ■ ■ sui 2 a cos 2 + 

p .Ip /x„ -in’ a 

X / 

f\ 

r. — Jo 


where 


2Rdx 




and 




2rtx<Zx 
Jo 


h(i4) 


where 

Ap plan-form area 
base area 

Q body volume 

L body length 

reference area for coefficient evaluation 
X reference length for pitching-moment-coefficient eval- 
uation 

Because of the approximate nature of the theory, it is not 
considered justified to retain the complex forms of these 
equations. Accordingly, it is assumed that, for the functions 
of the angle of attack, cosines may be replaced by unity and 
sines by the angles in radians to give ® 






> 



Q-S,(L- 

AX~ 



a-{-Cd 


a -90» 




a~ 

(lo^ 


To assess the adequacy of these equations for piedieiing 
the force and moment characteristics of high fineness ratio 
bodies, two bo<lies of revolution were testerl in ihe 1- by 
3-foot supersonic wind tunnel at a Ma«ii number of i.‘)s 
from angles of attack of zero to more than 20^ and in th<‘ 
1- l»\* 3 * 2 -foot high-speed wind tunm‘1 bom M.;- !, u :'!! ••• - 
of U.3 to 0.7 at 90° angle of attaelv • 

flow drag coefficient Cd^^.^o ^^iid rlu* <-eiH* !- oi' Moplb-M? ion 
J’a- 9 o=’ <^f ^dis force.'® The bodies in vesng?ui*ci .. 

» In the expression for the term \' hieh shnuM prnn.*rlv 'ipiTvir -m. tf>. 

riqht suic of this equation, has tw'on oinittivl sinc^. tor pmeiic-ul eases. itscotitrilniniMi :> -mail. 

to .UthouRh the cross Rex'nold.s numbers for the 1- by :e.-fi>ot wind-tunnel test w,*n> 
twice that for the I- by :t-foor wind-tunnel tests, the ri*«Mlo tre pon-t,li.rf! ir ,m.. <;,v- 

In the range of Reynohls numbers Investieated the dme ' harueierisiics of circuiar eynnders 
arc insensitive to change in Reynolds numbers. 


-4.su - 


-n.500 


.750 


^-25.000 generating 
radius 


AH dimensions in inches T" 
Body I /fineness ratio 2U) 

4.314 5500 


i-- 25.000 generating 
radius 

Body 5 (fineness ratio 13.1} 

Fiours S.—Bwiies of revolution. 


_L 

\.750 


eacli had a 33^-caliber ogival nose and constant diameter 
afterbody of such length as to make the fineness ratios 21.1 
for body' I and 13.1 for body' II. Shown in figures 7 and 8 
are the lift coefficient, foredrag-increment coefficient, pitching- 
I moment coefficient about the bow, and center of pressure 
I as a function of angle of attack for the two bodies as deter- 
i mined from the tests in the 1- by’” 3-foot wind tunnels. 

I Also shown are the calculated characteristics (indicated by 
the solid-line curvt*s) using the experimental values of 
‘Ca-oo® (see figs. 9 and 10) obtained from the 
90° angle-of-attack tests in the 1- by 31^-foot wind tunnel 
I as well as calculated characteristics obtained from potential 
theory' (indicated bv the dotted-line curves). The reference 
I area A for coefficient evaluation for these data is the base 
I area and the reference length X for moment-coefficient* 
I evaluation is the base diameter. 

I It is seen that for the higher fineness ratio body' (body' I), 

I the calculated characteristics which include the allowance 
for v'iscous effects are in good agreement with e.xperiment 
and that the potential theory' is clearly' inadequate at all 
I but verv small angles of attack. For the lower fineness ratio 
j body (body II), the calculated allowances for viscous effects 
I depart further from experiment than they do for body' I, 

I as would be expected, although again they are in much 
better agreement with e.xperiment than are the calculated 
j characteristics based only on potential theory'. 

While the comparisons made demonstrate that the indi- 
cated allowance for viscous effects is adequate for very' liigh- 
fineness-ratio bodies, the calculated characteristics were, 
themselves, based on experimentally' determined values of 
Cd^^^o and /a-Mo®. For the method to be useful in design, 
of course, some means for calculating these parameters must 
, e.xist. In iiiaiiy cases, there are available sufficient experi- 
' mental drag data on cy'linders to provide the required 
inUu-mation. In the appendix one appro.ximate method is 
•j-iv(‘u for determining the values of and for 

the bodie> T and II previously' considered. 

'Hir v.iriaiions nf rlu' coefficient.^ of lift, fonqlrag increment, 
.•md pitching moment and of the cent(‘r-of-pressure positioti 
with angle of attack for the two bodies as estimated using 
the calculated cross-flow drag characteristics given in the 
appendix are shovv'n in figures 7 and 8 (as the dashed-line 
curves). The estimated characteristics are seen to be in 
' cv(*n better agreement ^\ith experiment than are the calcu- 
lated variations using the experimental cross-flow drag 
characteristics. 
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Ki'-' kf r — Forw. nionu'm, iind cvnter-of-pressure chanicteriatics for body I (fineness ratio Jl.l). 
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Fir.t'RE S. — Force, moment, and center-of-pressure characteristics for body H (fineness ratio 13.1). 
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Figure 9.- Comparison of calculated cross-flow drag coelBcicnts at 
90® angle of attack with experimental values obtained from Ames 1- 
by 31^-foot wind tunnel for (a) body I and (b) body II. 
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Figure 10.— Comparison of calculated centers of pressure at 90° angle of attack with experi- 
mental values obtained from Ames I- by 3K»-foot wind tunnel for (a) body I and (b) bo<ly II. 


Ames Aeronautical Laboratory, 

N.ational Advisory Committee for Aeronautics, 
Moffett Field, Calif., Dec . 28 , 1949 . 
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APPENDIX 


ESTIMATION OF CROSS-FLOW DRAG COEFFICIENT 

A procedure which suggests itself for estimating the mag- 
nitude of the cross-flow drag coefficient function 

of angle of attack for the two ogival-nosed bodies treated 
in the text is to consider them to have the same characteris- 
tics as circular cylinders of constant diameter. 



The cross-flow drag coefficient of this fictitious cylinder of 
finite length can then be approximated by first determining 
the drag coeflficient, of a circular-cylinder section of 
diameter D' at the cross-flow Mach number 

Mc=Mq sin a 

and cross-flow Reynolds number 


and then correcting this drag coefficient for the effect of the 
finite fineness ratio, LjD' . 

From references 14 and 15, it is found that for the values of 
D' corresponding to the two bodies considered the circular- 
cylinder section drag coefficients, are the same for both 
bodies and dependent only on the Mach number. The 
values at various cross Mach numbei-s are given in figure 9. 

From reference 16, it is found that for a finite-length cir- 
cular cylinder in the range of Reynolds numbei*s for which the 
cross-drag coefficient, as for the present cases, is 1.2 at low 
Mach numbers, the ratio of the ch*ag of the chcular cylinder 
of finite length to that for the circular cylinder of infinite 
length is 0.755 for body I and 0.692 for body II. Assuming 
that this ratio is independent of Mach number, 
the estimated values of Cd^^^^ for the two bodies are as 
given in figure 9 wherein they may be compared with the 
experimental values obtained from the 1- by Sls-foot wind- 
tunnel tests. 

The value of is logically assumed to be the distance 
from the bow to the centroid of plan-form area. This [ 


assumed position which is independent of Mach number is 
compared with the experimentally determined values from 
the 1- by 31^-foot wind-tunnel tests for the two bodies in 
figure 10. 
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